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1. INTRODUCTION {#cas14316-sec-0001}
===============

Gastric cancer was the fifth most common and the third deadliest cancer worldwide in 2018 (<http://gco.iarc.fr/>), and its occurrence rate is particularly high in Asia.[1](#cas14316-bib-0001){ref-type="ref"} While chemotherapeutic drugs are available for the treatment of advanced and recurrent gastric cancer, their effectiveness is limited. One striking feature of gastric cancer is that it consists of highly heterogeneous tumor tissues. Tumor heterogeneity has been postulated to be related to disease malignancy.[2](#cas14316-bib-0002){ref-type="ref"}, [3](#cas14316-bib-0003){ref-type="ref"} Recent reports suggest that solid tumors contain persister cells, subpopulations of drug‐tolerant cancer cells that survive after chemotherapy and contribute to tumor recurrence.[4](#cas14316-bib-0004){ref-type="ref"}, [5](#cas14316-bib-0005){ref-type="ref"} However, the detailed characteristics and therapeutic target molecules of persister cells remain elusive.

Heterogeneous tumor tissues may contain cancer stem cells, a cell subpopulation that exhibits high tumorigenicity, multipotency and self‐renewal potential.[6](#cas14316-bib-0006){ref-type="ref"}, [7](#cas14316-bib-0007){ref-type="ref"}, [8](#cas14316-bib-0008){ref-type="ref"} In gastric cancer, the transmembrane protein CD44 and its splicing variants (CD44v) have been reported to be cancer stem cell markers.[9](#cas14316-bib-0009){ref-type="ref"}, [10](#cas14316-bib-0010){ref-type="ref"} Mechanistically, CD44v interacts with the glutamate‐cystine transporter xCT at the cell membrane, which increases the level of reduced glutathione and confers resistance to oxidative stress.[11](#cas14316-bib-0011){ref-type="ref"} Consistent with these reports, we used gastric cancer patient‐derived cell models to show that the residual cancer cells that survived after treatment with cytotoxic anticancer drugs overexpress CD44v, and ectopic overexpression of CD44v contributes to the anticancer drug resistance.[12](#cas14316-bib-0012){ref-type="ref"} However, to what extent these or other stem cell‐like cancer cells could be involved in the early phase of drug resistance remains unknown.

Normal gastric tissue consists of various cell types that are differentiated from stem cells into progenitor cells and then surface mucous (pit), mucous gland (neck) and endocrine cells through multiple steps.[13](#cas14316-bib-0013){ref-type="ref"}, [14](#cas14316-bib-0014){ref-type="ref"}, [15](#cas14316-bib-0015){ref-type="ref"} Recent studies have revealed the gastric cell lineage and specific markers for each cell type (summarized in Figure [1](#cas14316-fig-0001){ref-type="fig"}A).[13](#cas14316-bib-0013){ref-type="ref"}, [14](#cas14316-bib-0014){ref-type="ref"}, [15](#cas14316-bib-0015){ref-type="ref"}, [16](#cas14316-bib-0016){ref-type="ref"}, [17](#cas14316-bib-0017){ref-type="ref"}, [18](#cas14316-bib-0018){ref-type="ref"}, [19](#cas14316-bib-0019){ref-type="ref"} For example, LGR5 and TROY are gastric stem cell markers, whereas SOX9 is a progenitor cell marker. MUC5AC, TFF1 and GKN1 mark pit cells, whereas MUC6 and TFF2 are hallmarks of neck cells. Considering the cell diversity and hierarchy in normal gastric tissues, cancer cells in gastric cancer tissues arising from these cells could also possess the cell diversity and hierarchy.

![Single‐cell analysis of gastric cancer patient‐derived cells reveals 5‐fluorouracil (5‐FU)‐mediated alteration of cell heterogeneity and outlier cells. A, Schematic diagram of lineages in gastric normal tissue. The gastric cells shown on the top are differentiated, while the cells on the bottom of the schematic are undifferentiated. Representative markers of each cell used in the single‐cell analysis are indicated. B, Identification of the persister‐related genes. Cells were treated with the indicated drugs and subjected to GeneChip microarray analysis. Values indicate the fold induction of the gene in the drug‐treated persister cells. C, Hierarchical clustering of the single‐cell gene expression data in JSC15‐3 cells untreated or treated with 5‐FU based on the gene list in Table [S3](#cas14316-sup-0001){ref-type="supplementary-material"}. Vertical axis: gene. Horizontal axis: cell. Green line and pink line indicate the untreated cells and 5‐FU‐treated cells, respectively. D, t‐Distributed stochastic neighbor embedding (tSNE) analysis with the single‐cell analysis data in (C). Red, light green, blue and brown indicate the untreated cells, the untreated cells in 5‐FU‐treated cells clusters, 5‐FU‐treated cells and 5‐FU‐treated cells in untreated cell clusters, respectively. In (C) and (D), the cells were treated with 5‐FU for 7 days followed by an additional 4 days without the drug to minimize the contribution of transient drug‐induced gene expression](CAS-111-962-g001){#cas14316-fig-0001}

Single‐cell analysis is a recently developed systematic method used to evaluate the heterogeneity of a cell population.[20](#cas14316-bib-0020){ref-type="ref"}, [21](#cas14316-bib-0021){ref-type="ref"} In the present study, we used single‐cell gene expression analysis on stem cell‐ and gastric cell lineage‐markers and evaluated features of drug‐tolerant persister cells in gastric cancer patient‐derived cells (PDC). Through this analysis, we identified a potential therapeutic target pathway of gastric cancer persister cells.

2. MATERIALS AND METHODS {#cas14316-sec-0002}
========================

2.1. Cell culture and chemicals {#cas14316-sec-0003}
-------------------------------

Human gastric cancer PDC, JSC15‐3, JSC17‐2 and JSC17‐7, were established with approval from the Institutional Review Board of the Japanese Foundation for Cancer Research and with informed consent from the patients as described previously.[12](#cas14316-bib-0012){ref-type="ref"} JSC15‐3 and JSC17‐2 cells were cultured in ACL4/F12 (1:1) medium (Nacalai Tesque) supplemented with 5% heat‐inactivated FBS and 100 μg/mL kanamycin (Meiji Seika Pharma). JSC17‐7 cells were cultured in ACL4/RPMI (1:1) medium supplemented with 5% heat‐inactivated FBS and 100 μg/mL kanamycin. 5‐fluorouracil (5‐FU), SN38, paclitaxel and temsirolimus were purchased from Sigma‐Aldrich. Cisplatin was purchased from Enzo Biochem.

2.2. Cell proliferation assay {#cas14316-sec-0004}
-----------------------------

Cells were seeded in 96‐well microplates, cultured overnight and then treated with drugs for 7 days. MTT (Nacalai Tesque) was added to cells at the final concentration of 0.8 mg/mL and cells were incubated for 4 hours. The formazan was dissolved in DMSO and the optical densities at 570 and 630 nm were measured using an xMark microplate spectrophotometer (Bio‐Rad). Cell proliferation was also assessed using the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay Kit (Promega).

2.3. Colony formation assay {#cas14316-sec-0005}
---------------------------

Cells were seeded in 12‐well collagen‐coated plates in the presence of test compounds or DMSO alone and cultured for 14 days. Cells were then fixed with 10% formaldehyde (Muto Pure Chemicals) and stained with 0.5% crystal violet/ethanol (Nacalai Tesque). Each well was washed with water, and the number and area of the colonies were quantitated using ImageJ software (National Institute of Health).

2.4. Reverse transcription‐quantitative PCR {#cas14316-sec-0006}
-------------------------------------------

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) or the FastGene RNA Basic Kit (Nippon Genetics). cDNA was synthesized using ReverTra Ace qPCR RT Master Mix (Toyobo). Quantitative PCR (qPCR) was performed with the Power SYBR Green PCR Master Mix (Applied Biosystems) and detected using a LightCycler 96 (Roche). *Glyceraldehyde‐3‐phosphate dehydrogenase* (*GAPDH*) or *β‐actin* (*ACTB*) genes were used as controls to normalize the data. PCR primers were designed by Roche primer design site or primer blast (<https://www.ncbi.nlm.nih.gov/tools/primer-blast/>), except for *GAST*, *MIST1* and *SOX2*, which were previously described.[14](#cas14316-bib-0014){ref-type="ref"} Primer sequences are listed in Tables [S1](#cas14316-sup-0001){ref-type="supplementary-material"} and [S2](#cas14316-sup-0001){ref-type="supplementary-material"}.

2.5. cDNA microarray and data analysis {#cas14316-sec-0007}
--------------------------------------

Total RNA was quantified using the Agilent 2100 Bioanalyzer (Agilent Technologies). cDNA microarray analysis was performed using the GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix). Data normalization and gene ontology (GO) analysis were performed with GeneSpring GX software (Agilent Technologies). Gene set enrichment analysis (GSEA) (Broad Institute) and TCGA data analysis were performed on the websites <http://software.broadinstitute.org/gsea/index.jsp> and <http://www.oncolnc.org/>, respectively. The latter analysis was based on a Tier 3 mRNA dataset, which includes data for 379 gastric cancer patients (247 male and 132 female).[22](#cas14316-bib-0022){ref-type="ref"} The gene expression data have been deposited in the Gene Expression Omnibus (GEO) (GSE139331).

2.6. Single‐cell analysis {#cas14316-sec-0008}
-------------------------

Cells were isolated on C1 plates using the Biomark system (Fluidigm). Single cells were separated using a C1 Single‐Cell Auto Prep Reagent Kit (Fluidigm) and C1 Single‐Cell Auto Prep IFC for Preamp (10‐17 µm and 17‐25 µm) (Fluidigm). RNA was extracted and cDNA was synthesized and preamplified using an Ambion Single Cell‐to‐CT qRT‐PCR Kit (Thermo Fisher Scientific). These cDNA were preamplified using pooled primer sets for 47 genes. Primer sequences are listed in Table [S1](#cas14316-sup-0001){ref-type="supplementary-material"}. Products were amplified using individual primers, 48.48 Dynamic Array IFC EvaGreen (Fluidigm), GE 48.48 Dynamic Array DNA Binding Dye (Fluidigm) and SsoFast EvaGreen Supermix Low ROX (Bio‐Rad). The data were analyzed using the Fluidigm Real‐Time PCR Analysis software (Fluidigm). We also used program language R to analyze data in more detail using heatmap, violin plot and *t*‐distributed stochastic neighbor embedding (tSNE) analyses.

2.7. Small interfering RNA‐mediated knockdown {#cas14316-sec-0009}
---------------------------------------------

Silencer Select siRNA for *LGR5*, *TROY*, *ALDH1A3*, *DKK1*, *CXCL8*, *LAMA3* and *LAMC2* were purchased from Thermo Fisher Scientific. Cells were transfected with the siRNA using RNAiMAX Transfection Reagent (Thermo Fisher Scientific). After a 2‐day incubation, cells were collected and the knockdown efficiency was examined by reverse transcription‐quantitative PCR (RT‐qPCR) and western blot analysis, as described below.

2.8. Western blot analysis {#cas14316-sec-0010}
--------------------------

Cells were lysed in TNE lysis buffer consisting of 150 mmol/L NaCl, 0.5% Nonidet P‐40, 60 mmol/L Tris and 1 mmol/L EDTA, supplemented with 1× protease inhibitor cocktail (Nacalai Tesque) and PhosSTOP phosphatase inhibitor cocktail (Roche). Western blot analysis was performed as described previously.[23](#cas14316-bib-0023){ref-type="ref"} Primary antibodies used in this study were as follows: mouse anti--ALDH1A3 (0.5 μg/mL, GT926; GeneTex), rabbit anti--phospho‐p70S6 kinase (p70S6K, phosphorylated at T389) (1:1000, \#9234; Cell Signaling Technology), rabbit anti--p70S6K (1:1000, \#9202; Cell Signaling Technology), rabbit anti--phospho‐4E‐BP1 (phosphorylated at S65) (1:1000, \#2855; Cell Signaling Technology), rabbit anti--4E‐BP1 (1:1000, \#9644; Cell Signaling Technology) and mouse anti--GAPDH (0.02 μg/mL, 10R‐G109a; Fitzgerald).

2.9. Vector construction and transfection {#cas14316-sec-0011}
-----------------------------------------

Short hairpin RNA (shRNA) sequences were designed according to the MISSION shRNA clones (Sigma‐Aldrich) and the oligonucleotides were synthesized by FASMAC. Oligonucleotides were hybridized and cloned into the stuffer sites of pLKO.1 plasmid (Addgene). Lentiviruses were produced as described previously[24](#cas14316-bib-0024){ref-type="ref"} and used to infect JSC15‐3 cells. The infected cells were selected with 1 µg/mL puromycin for 8 days. The sequences of shRNA are as follows: *ALDH1A3* \#2 Fw: 5′‐CCGGGCAACCAATACTGAAGTTCAACTCGAGTTGAACTTCAGTATTGGTTGCTTTTTG‐3′, Rv: 5′‐AATTCAAAAAGCAACCAATACTGAAGTTCAACTCGAGTTGAACTTCAGTATTGGTTGC‐3′; ALDH1A3 \#3 Fw: 5′‐CCGGGCTGTATTAGAACCCTCAGATCTCGAGATCTGAGGGTTCTAATACAGCTTTTTG‐3′, Rv: 5′‐AATTCAAAAAGCTGTATTAGAACCCTCAGATCTCGAGATCTGAGGGTTCTAATACAGC‐3′.

2.10. Immunohistochemistry {#cas14316-sec-0012}
--------------------------

Tissue microarrays containing gastric cancer tissues were purchased from US Biomax. Deparaffinization and heat‐induced epitope retrieval were performed as described previously.[25](#cas14316-bib-0025){ref-type="ref"} Sections were incubated with Blocking One Histo (Nacalai Tesque) or 5 µg/mL mouse anti--ALDH1A3 antibody (GT926, GeneTex) at 4°C overnight. Specific signals were detected using the ChemMate Envision Kit/HRP (Agilent Technologies), and the staining intensity was scored semi--quantitatively by a pathologist (TM).

2.11. Immunofluorescence staining {#cas14316-sec-0013}
---------------------------------

Immunofluorescence staining was performed as described in Nakamura (2017).[25](#cas14316-bib-0025){ref-type="ref"} In brief, cells were fixed with 2% formaldehyde and incubated with 10 mg/mL BSA. The primary antibody was mouse anti--ALDH1A3 antibody (2 µg/mL; GT926, GeneTex).

2.12. Cell cycle analysis {#cas14316-sec-0014}
-------------------------

Quantitation of the cell cycle distribution and sub‐G1 fraction was performed with flow cytometry as described previously.[26](#cas14316-bib-0026){ref-type="ref"} In brief, cells were fixed with 70% ethanol and stained with 50 µg/mL propidium iodide. Cells were analyzed by flow cytometry with a FACSCalibur (BD Biosciences).

2.13. Mouse xenograft studies {#cas14316-sec-0015}
-----------------------------

All animal procedures were performed according to the protocols approved by the JFCR Animal Care and Use Committee. Nude mice (Charles River Laboratories Japan) were subcutaneously injected with 100 μL of the cell mixture, which was prepared as 2 × 10^6^ cells in a 1:1 mixture of Hank's Balanced Salt Solution (Thermo Fisher Scientific) and Matrigel (Corning) of the same quantity. When the average tumor volume reached 118 mm^3^, the mice were divided into three groups (n = 3) and treated with PBS or 75 or 150 mg/kg 5‐FU, every 7 days. In other experiments, NOD‐SCID mice (Charles River Laboratories Japan) were subcutaneously injected with 100 μL of the cell mixture, which was prepared as 1.5 × 10^6^ cells using a 1:1 mixture of the culture medium and Matrigel (Corning) of the same quantity. The length (L) and width (W) of the tumor were measured, and the tumor volume was calculated as (L × W^2^)/2. Measurement was performed using a digital caliper every 3 or 4 days.

3. RESULTS {#cas14316-sec-0016}
==========

3.1. Anticancer drugs alter the patterns of heterogeneity in the gastric cancer patient‐derived cell population {#cas14316-sec-0017}
---------------------------------------------------------------------------------------------------------------

To examine the alteration of gastric cancer cell populations upon treatment with anticancer drugs, we conducted single‐cell analysis for the expressions of gastric tissue lineage, stem cell and drug‐tolerant persister‐related genes. Gastric tissue consists of cells in various differentiation stages, including stem, progenitor, surface mucous, mucous gland and chief cells and endocrine cells, and specific markers for each cell type have been established (Figure [1](#cas14316-fig-0001){ref-type="fig"}A).[13](#cas14316-bib-0013){ref-type="ref"}, [14](#cas14316-bib-0014){ref-type="ref"}, [15](#cas14316-bib-0015){ref-type="ref"}, [16](#cas14316-bib-0016){ref-type="ref"}, [17](#cas14316-bib-0017){ref-type="ref"}, [18](#cas14316-bib-0018){ref-type="ref"}, [19](#cas14316-bib-0019){ref-type="ref"} To induce persister cells, JSC15‐3 cells were treated with 3 µmol/L 5‐FU or 30 nmol/L SN38, an active metabolite of irinotecan, for 7 days and JSC17‐2 cells were treated with 3 µmol/L 5‐FU for 6 days. We focused on these two drugs because their prodrugs, capecitabine, tegafur and irinotecan, are commonly used for gastric cancer treatment in Japan. The residual persister cells showed slower growth rates and cross‐resistance to 5‐FU and SN38 (Figure [S1](#cas14316-sup-0001){ref-type="supplementary-material"}A and B). RNA were prepared from persister cells and subjected to GeneChip microarray analysis. Genes upregulated more than 1.5‐fold to 2‐fold in persister cells compared with untreated cells were selected as persister‐related genes (Figure [1](#cas14316-fig-0001){ref-type="fig"}B, Figure [S1](#cas14316-sup-0001){ref-type="supplementary-material"}C,D).

We separated single cells from patient‐derived gastric cancer JSC15‐3 cells using the C1 Auto Prep System and examined the heterogeneity of the cell population in terms of the expression of lineage, stem and persister‐related genes (Figure [1](#cas14316-fig-0001){ref-type="fig"}C and Table [S3](#cas14316-sup-0001){ref-type="supplementary-material"}). Hierarchical clustering of the cells before and after 5‐FU treatment revealed that most of the persister cells after 5‐FU treatment were co--clustered in the same group (Figure [1](#cas14316-fig-0001){ref-type="fig"}C). Approximately 10% (9 of 89 cells) of untreated cells were classified into the large cluster of 5‐FU‐treated cells, whereas 3.3% (3 of 89 cells) of 5‐FU‐treated cells were in the cluster of untreated cells. Similar trends of outlier cells were also observed in tSNE plot analysis (Figure [1](#cas14316-fig-0001){ref-type="fig"}D). These observations indicate that most of the persister cancer cells after 5‐FU treatment showed an altered gene expression signature, whereas untreated cancer cells contain a minor preexisting cell subpopulation with a similar gene expression signature to that of the persister cells.

3.2. ALDH1A3 upregulation in the drug‐tolerant persister cancer cells {#cas14316-sec-0018}
---------------------------------------------------------------------

Based on the above hierarchical clustering of the single cells (Figure [1](#cas14316-fig-0001){ref-type="fig"}C), we classified the cells into four categories: (a) untreated cells in the major cell clusters; (b) untreated cells in 5‐FU‐treated cell clusters; (c) 5‐FU‐treated cells in the major cell clusters; and (d) 5‐FU‐treated cells in untreated cell clusters. Each gene expression at the single‐cell level was illustrated by violin plot analysis according to the four categories (Figure [2](#cas14316-fig-0002){ref-type="fig"}A and data not shown). Several genes, such as *LGR5*, *TROY*, *ALDH1A3*, *DKK1*, *CXCL8*, *LAMA3* and *LAMC2* genes, were upregulated in the 5‐FU‐treated cells in the major cell clusters (Figure [2](#cas14316-fig-0002){ref-type="fig"}A, blue). Among these genes, *ALDH1A3* gene expression was heterogeneous in cells before drug treatment (Figure [2](#cas14316-fig-0002){ref-type="fig"}A, red), whereas the untreated cells in 5‐FU‐treated cell clusters (light green) and the 5‐FU‐treated cells in untreated cell clusters (brown) exhibited higher and lower *ALDH1A3* gene expression, respectively, compared with those in the major cell clusters. To examine the functional significance of the genes upregulated by 5‐FU in JSC15‐3 cell growth and survival, we knocked down the genes by siRNA (Figure [2](#cas14316-fig-0002){ref-type="fig"}B and data not shown). Clonogenic assay revealed different effects of each gene knockdown on the colony‐forming ability of cells (Figure [2](#cas14316-fig-0002){ref-type="fig"}C and data not shown). *ALDH1A3* knockdown showed the most potent inhibition of clonogenic growth of the cells (Figure [2](#cas14316-fig-0002){ref-type="fig"}C).

![Heterogeneous expression and 5‐fluorouracil (5‐FU)‐induced upregulation of stem and persister‐related genes and their impact on clonogenic growth of JSC15‐3 cells. A, Violin plot of gene expression in gastric cancer JSC15‐3 cells before and after 5‐FU treatment. Cells were classified into four categories as in Figure [1](#cas14316-fig-0001){ref-type="fig"}C,D. B, Knockdown of genes selectively overexpressed in 5‐FU‐tolerant persister cells. Cells were transfected with the indicated siRNA. After a 2‐day incubation, the levels of gene expression were determined by reverse transcription‐quantitative PCR. C, Effect of gene knockdown on the clonogenic growth of JSC15‐3 cells in the presence or absence of 1 µmol/L 5‐FU. Cells were treated as in (B) and the clonogenic growth was evaluated](CAS-111-962-g002){#cas14316-fig-0002}

To examine the specificity of *ALDH1A3* upregulation among *ALDH* family members in the persister cells after 5‐FU treatment, we examined the RNA levels of *ALDH* isozymes. As shown in Figure [3](#cas14316-fig-0003){ref-type="fig"}A and Figure [S2](#cas14316-sup-0001){ref-type="supplementary-material"}A, *ALDH1A3* mRNA expression was commonly and selectively elevated in persister cells after 5‐FU treatment in three PDC lines. Moreover, *ALDH1A3* mRNA expression was increased not only after 5‐FU treatment but also after treatment with SN38, cisplatin and paclitaxel (Figure [3](#cas14316-fig-0003){ref-type="fig"}B and Figure [S2](#cas14316-sup-0001){ref-type="supplementary-material"}B). The elevated *ALDH1A3* expression in persister cells was also confirmed at the protein level by immunofluorescence staining (Figure [3](#cas14316-fig-0003){ref-type="fig"}C). Of note, DMSO‐treated control cells exhibited heterogeneity in ALDH1A3 staining and only portions of the cell subpopulations were ALDH1A3‐positive. Treatment with 5‐FU raised the rates of ALDH1A3‐positive cell subpopulations, consistent with the single‐cell analysis results (Figure [2](#cas14316-fig-0002){ref-type="fig"}A). We further monitored *ALDH1A3* expression in drug‐tolerant persister cells in vivo using a mouse xenograft tumor model. As shown in Figure [S3](#cas14316-sup-0001){ref-type="supplementary-material"}, 5‐FU retarded the growth of JSC15‐3‐derived tumors in mice. In the residual tumor cells after drug treatment, *ALDH1A3* expression was upregulated compared with the control group treated with PBS (Figure [3](#cas14316-fig-0003){ref-type="fig"}D). These observations indicate that ALDH1A3 upregulation is a common feature of persister cells after treatment with 5‐FU and SN38 in gastric cancer PDC.

![Selective upregulation of ALDH1A3 in gastric cancer patient‐derived cells after treatment with cytotoxic anticancer drugs. A, mRNA expression of *ALDH* family members in gastric cancer patient‐derived cells after 5‐fluorouracil (5‐FU) treatment. Cells were treated with 3 µmol/L (JSC15‐3 and JSC17‐2) or 1 µmol/L (JSC17‐7) of 5‐FU for 7 days (JSC15‐3) or 6 days (JSC17‐2 and JSC17‐7), and the expression levels of the indicated genes were determined by GeneChip microarray analysis. The vertical axis indicates the fold change upregulation in 5‐FU‐treated cells compared with untreated cells. B, mRNA expression of *ALDH1A3* in gastric cancer patient‐derived cells after treatment with anticancer drugs. Cells were treated with 10 µmol/L (JSC15‐3), 3 µmol/L (JSC17‐2) or 0.3 µmol/L (JSC17‐7) of 5‐FU or 100 nmol/L (JSC15‐3) or 10 nmol/L (JSC17‐2 and SC17‐7) of SN38 for 7 days (JSC15‐3) or 6 days (JSC17‐2 and JSC17‐7). *ALDH1A3* mRNA levels were quantitated by reverse transcription‐quantitative PCR (RT‐qPCR). \*\**P* \< .01, \*\*\**P* \< .001. C, Immunofluorescence staining. JSC15‐3 cells were treated with 5‐FU for 6 days and subjected to indirect immunofluorescence staining. DNA was counterstained with DAPI. D, Effect of 5‐FU on *ALDH1A3* expression in JSC15‐3 xenograft tumors. Nude mice with JSC15‐3‐derived tumors were treated with 5‐FU. RNA was prepared and subjected to RT‐qPCR](CAS-111-962-g003){#cas14316-fig-0003}

3.3. ALDH1A3 expression correlates with advanced stage and poor prognosis of gastric cancer {#cas14316-sec-0019}
-------------------------------------------------------------------------------------------

We have so far demonstrated that ALDH1A3 is required for clonogenic growth of gastric cancer PDC and is upregulated in the drug‐tolerant persister fraction of PDC. We next monitored ALDH1A3 expression in patient‐derived gastric tumors using tissue microarrays. Immunohistochemical analysis was performed on the microarrays, and the sections were scored according to the level of ALDH1A3 expression (Figure [4](#cas14316-fig-0004){ref-type="fig"}A and Figure [S4](#cas14316-sup-0001){ref-type="supplementary-material"}). We observed a trend that ALDH1A3 expression was higher in advanced gastric tumors later than stage 3 (Figure [4](#cas14316-fig-0004){ref-type="fig"}B), although the difference was not statistically significant (*P* = .27). Furthermore, TCGA database analysis revealed that the patients in the highest fifth of *ALDH1A3* expression showed poorer prognosis than those in the lowest fifth (Figure [4](#cas14316-fig-0004){ref-type="fig"}C). These observations suggest that ALDH1A3 expression is associated with advanced stage and poor prognosis of gastric cancer.

![ALDH1A3 is a poor prognostic factor of gastric cancer. A, Immunohistochemistry of gastric cancer tissue microarray. ALDH1A3 protein was detected by immunohistochemistry, and the tissue samples were classified into four categories according to the signal intensities (expression scores of 0 to 3). Representative samples from each category are shown. B, Comparison of ALDH1A3 expression score between cancer tissues earlier than stage 3 and later than stage 3. C, Kaplan‐Meier curves for overall survival of gastric cancer patients with high or low ALDH1A3 expression. Curves were drawn according to the data in the TCGA public database](CAS-111-962-g004){#cas14316-fig-0004}

3.4. ALDH1A3 facilitates the growth and survival of gastric cancer patient‐derived cells and drug‐tolerant persister cells {#cas14316-sec-0020}
--------------------------------------------------------------------------------------------------------------------------

To examine the functional role of ALDH1A3 in gastric cancer cells that persist after 5‐FU or SN38 treatment, we constitutively knocked down ALDH1A3 in JSC15‐3 cells using two different short hairpin RNA (shRNA \#2 and \#3) (Figure [5](#cas14316-fig-0005){ref-type="fig"}A). Consistent with our results above, ALDH1A3 knockdown inhibited the growth of JSC15‐3 cells not exposed to 5‐FU and SN38 (Figure [5](#cas14316-fig-0005){ref-type="fig"}B,C). Furthermore, the residual cell numbers were reduced among ALDH1A3‐depleted cells in response to 5‐FU and SN38 compared with control cells; however, we did not observe synergistic but additive effects of ALDH1A3 knockdown and 5‐FU/SN38 treatment. Consistent with these observations, flow cytometry analysis revealed that the ALDH1A3‐depleted JSC15‐3 cells showed higher rates of sub‐G1 apoptotic cell fractions compared with control cells upon treatment with 5‐FU (Figure [S5](#cas14316-sup-0001){ref-type="supplementary-material"}). To validate the role of ALDH1A3 in tumor growth in vivo, we subcutaneously injected mock and ALDH1A3‐depleted JSC15‐3 cells into NOD‐SCID mice (mock: n = 7; ALDH1A3‐depleted: n = 8). The rates of tumor formation were 100% and 50% in the mock and ALDH1A3‐depleted cell groups, respectively. Furthermore, the tumor size was significantly reduced (*P* \< .001) in the ALDH1A3‐depleted cell group (Figure [5](#cas14316-fig-0005){ref-type="fig"}D). These observations indicate that ALDH1A3 contributes to the growth and survival of gastric cancer PDC and drug‐tolerant persister cells.

![ALDH1A3 depletion decreases the cell viability and number of the drug‐tolerant persister cells in gastric cancer patient‐derived cells. A, ALDH1A3 knockdown in JSC15‐3 cells. Cells that constitutively express ALDH1A3 shRNA or non‐silencing control shRNA (NC) were subjected to western blot analysis (left). A quantitative graph is shown (right). B, C, Effect of ALDH1A3 knockdown on the drug‐tolerant cells. Cells transfected as in (A) were treated with 5‐FU (B) or SN38 (C) for 7 days, and the cell numbers were quantitated. D, In vivo tumor growth of ALDH1A3‐depleted JSC15‐3 cells. NOD‐SCID mice were subcutaneously injected with the cells transfected as in (A). Tumor growth was evaluated as described in the Materials and Methods. \*\**P* \< .01, \*\*\**P* \< .001](CAS-111-962-g005){#cas14316-fig-0005}

3.5. ALDH1A3 depletion downregulates the mammalian target of rapamycin pathway in gastric cancer patient‐derived cells {#cas14316-sec-0021}
----------------------------------------------------------------------------------------------------------------------

To clarify how ALDH1A3 regulates gastric cancer PDC survival, we next performed comprehensive transcriptome analysis on JSC15‐3 control (parental and non‐silencing shRNA) and ALDH1A3 knockdown (shRNA \#2 and \#3) cells (Figure [S6](#cas14316-sup-0001){ref-type="supplementary-material"}A). Gene ontology analysis revealed that ALDH1A3 knockdown affected cell cycle‐related genes (Table [S4](#cas14316-sup-0001){ref-type="supplementary-material"}). GSEA revealed that the expressions of genes associated with mTOR and MEK pathways were altered in ALDH1A3‐depleted cells (Figure [6](#cas14316-fig-0006){ref-type="fig"}A and Figure [S6](#cas14316-sup-0001){ref-type="supplementary-material"}B). In particular, the genes upregulated by an mTOR inhibitor, everolimus (MTOR_UP.V1_UP; systematic name: M2672), were enriched in the gene set highly expressed in ALDH1A3‐depleted cells. In addition, genes downregulated by everolimus (MTOR_UP.V1_DN; systematic name: M2670) were enriched in the gene set that was poorly expressed in ALDH1A3‐depleted cells (Figure [6](#cas14316-fig-0006){ref-type="fig"}A). Thus, the mTOR pathway was commonly extracted from both directions of GSEA. Consistent with these observations, the ALDH1A3‐depleted cells showed a reduced level of activating phosphorylation of p70 S6 kinase, one of the downstream effectors of the mTOR pathway (Figure [6](#cas14316-fig-0006){ref-type="fig"}B,C). To validate the functional involvement of the mTOR pathway in the cell growth and survival, we treated cells with temsirolimus, a specific mTOR inhibitor, in the absence or the presence of 5‐FU. As shown in Figure [6](#cas14316-fig-0006){ref-type="fig"}D, the combination of temsirolimus and 5‐FU reduced the number of persister cells compared with either temsirolimus or 5‐FU. These observations indicate that the mTOR pathway may be involved in gastric cancer persister cell maintenance downstream of ALDH1A3.

![Involvement of the mammalian target of rapamycin (mTOR) pathway in ALDH1A3‐mediated drug tolerance of gastric cancer patient‐derived cells. A, Gene set enrichment profiles of ALDH1A3‐depleted JSC15‐3 cells. Transcriptome data were analyzed by gene set enrichment analysis (GSEA), which identified the upregulated and downregulated gene sets by everolimus. B, Western blot analysis of ALDH1A3‐depleted JSC15‐3 cells. C, Quantitative representation of protein levels shown in (B). The experiments were repeated three times and the graph indicates the average and standard deviation. D, Effect of temsirolimus on 5‐FU‐tolerant JSC15‐3 cells. Cells were treated with the indicated concentrations of 5‐fluorouracil (5‐FU) for 7 days, and the cell numbers were quantitated. \*\**P* \< .01, \*\*\**P* \< .001](CAS-111-962-g006){#cas14316-fig-0006}

4. DISCUSSION {#cas14316-sec-0022}
=============

In the present study, we found that drug‐tolerant gastric cancer persister cells express multiple stem or cancer stem cell markers, including *LGR5* and *TROY*. These observations suggest that the early phase of anticancer drug resistance could be linked to stemness of persister cells. We observed that stem cell marker‐expressing persister cells were slow growing (Figure [S1](#cas14316-sup-0001){ref-type="supplementary-material"}A). This stem‐like "dormant" characteristic of the persister cells may be linked with drug resistance.

Although the residual cancer cells after 5‐FU treatment expressed multiple stem cell markers, the expression patterns of the markers were not necessarily uniform (Figure [2](#cas14316-fig-0002){ref-type="fig"}A). Compared with other stem cell markers, such as *LGR5* and *TROY*, *ALDH1A3* expression was more heterogenous in the untreated cell population and upregulated to more uniform and higher levels in the drug‐tolerant persister cells (Figure [2](#cas14316-fig-0002){ref-type="fig"}A). Notably, although TROY is involved in resistance to radiotherapy and chemotherapy in glioblastoma,[27](#cas14316-bib-0027){ref-type="ref"} the drug‐tolerant persister cells in this study showed *TROY*‐negative and low‐expressing cell fractions (Figure [2](#cas14316-fig-0002){ref-type="fig"}A). These observations suggest that ALDH1A3 may be a better marker for persister cells than other stem cell‐related factors. In fact, *ALDH1A3* expression was commonly upregulated in multiple drug‐tolerant persister cells, including those treated with 5‐FU, SN38, cisplatin and paclitaxel. To support this notion, the prognostic analysis based on the TCGA database showed that *ALDH1A3* expression is associated with poor prognosis of gastric cancer patients (Figure [4](#cas14316-fig-0004){ref-type="fig"}C).

Thus far, how *ALDH1A3* expression is specifically upregulated among the *ALDH* isozymes in the gastric cancer drug‐tolerant persister cells is unclear. Feng et al[28](#cas14316-bib-0028){ref-type="ref"} reported that ALDH1A3 is the major isozyme that contributes to ALDH enzyme activities in 58 human cancer cell lines. In breast cancer, glioma and melanoma, ALDH1A3 expression is regulated by several mechanisms at epigenetic, transcriptional and posttranslational levels.[29](#cas14316-bib-0029){ref-type="ref"}, [30](#cas14316-bib-0030){ref-type="ref"}, [31](#cas14316-bib-0031){ref-type="ref"} For example, ALDH1A3 is upregulated at the transcriptional level by FOXD1 in mesenchymal glioma stem cells (MES GCS).[30](#cas14316-bib-0030){ref-type="ref"} FOXD1 expression is positively associated with ALDH1A3 expression but not with expressions of other ALDH members in MES GCS.[30](#cas14316-bib-0030){ref-type="ref"} Another study showed that ALDH1A3 is deubiquitinated by the ubiquitin‐specific protease 9X (USP9X) and stabilized in MES GCS, although the USP9X preference for ALDH1A3 among many ALDH isozymes has not been addressed.[32](#cas14316-bib-0032){ref-type="ref"} Because *ALDH1A3* upregulation was observed at the mRNA level in persister cells (Figure [3](#cas14316-fig-0003){ref-type="fig"}A), specific transcription factors other than FOXD1, which is overexpressed in brain but not gastric cancer (Oncomine database), may be involved in *ALDH1A3* gene upregulation.

ALDH1A3 has recently been shown to play a pivotal role in mesenchymal glioma stem cell maintenance and colorectal cancer proliferation,[28](#cas14316-bib-0028){ref-type="ref"}, [32](#cas14316-bib-0032){ref-type="ref"} whereas its role in gastric cancer tumorigenesis and malignancy is not clear. Here we showed that ALDH1A3 is not only a marker of persister cells after treatment with cytotoxic anticancer drugs but is also involved in the cell survival and tumor‐initiating and propagating activities of gastric cancer cells. Because ALDH1A3 knockdown led to an increase in the apoptotic sub‐G1 cell fraction upon treatment with 5‐FU (Figure [S5](#cas14316-sup-0001){ref-type="supplementary-material"}), it is likely that ALDH1A3 supports the survival of gastric cancer persister cells. Moreover, our gene ontology analysis showed that ALDH1A3 knockdown affected cell cycle‐related pathways (Table [S4](#cas14316-sup-0001){ref-type="supplementary-material"}), suggesting that ALDH1A3 may also be involved in cell cycle regulation and dormancy of persister cells.

As the downstream mediator of ALDH1A3, we focused on the mTOR pathway because it is involved in cancer cell survival and proliferation, and there are clinically approved inhibitors of this pathway. In a clinical setting, a recent phase III study revealed that everolimus did not improve the therapeutic outcome of paclitaxel in advanced gastric cancer. Intriguingly, however, everolimus improved the progression‐free survival and overall survival of the patient subgroup who received prior taxane therapy.[33](#cas14316-bib-0033){ref-type="ref"} Moreover, there was a phase II study that demonstrated effectiveness of capecitabine and everolimus combination in a small subset of refractory gastric cancer patients.[34](#cas14316-bib-0034){ref-type="ref"} We observed inter‐tumor and intra‐tumor heterogeneity of ALDH1A3 expression in gastric cancer cells and tissues (Figures [2](#cas14316-fig-0002){ref-type="fig"}, [3](#cas14316-fig-0003){ref-type="fig"}, [4](#cas14316-fig-0004){ref-type="fig"} and Figure [S4](#cas14316-sup-0001){ref-type="supplementary-material"}). These observations suggest that the contribution of the ALDH1A3‐mTOR axis to cell survival and proliferation may be restricted to a subset of gastric cancer. This could explain why mTOR‐targeted therapies were effective only in a small subset of the patients. It would be important to identify the biomarkers that predict the outcome of the combination therapies.

Our GSEA results further suggest a relationship between ALDH1A3 and other cell signaling pathways, such as MAPK pathways (Figure [S6](#cas14316-sup-0001){ref-type="supplementary-material"}). Xie et al (2019) report that the matricellular proteins TNC1 and ESM1 mediate the pro--proliferative function of ALDH1A3 through activation of AKT/mTOR and/or MEK/ERK pathways in smooth muscle cells.[35](#cas14316-bib-0035){ref-type="ref"} In our patient‐derived gastric cancer cells, however, the basal RNA expression levels of TNC1 and ESM1 were too low for detection by GeneChip microarray and RT‐qPCR, and neither 5‐FU nor SN38 induced these gene expression (RK, TM and HS, unpublished observations). These observations suggest that TNC1 and ESM1 do not mediate the ALDH1A3‐dependent cell proliferation at least in our gastric cancer cell models.

In summary, our single‐cell gene expression analysis and subsequent functional analyses identified ALDH1A3 as a key survival factor of drug‐tolerant persister cells in gastric cancer. ALDH1A3‐targeting therapy in combination with standard chemotherapy may represent a novel therapeutic strategy in gastric cancer to overcome tumor recurrence.
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